The cadherins Fat and Dachsous regulate cell polarity and proliferation via their heterophilic interactions at intercellular junctions. Their ectodomains are unusually large because of repetitive extracellular cadherin (EC) domains, which raises the question of how they fit in regular intercellular spaces. Cadherins typically exhibit a linear topology through the binding of Ca 2+ to the linker between the EC domains. Our electron-microscopic observations of mammalian Fat4 and Dachsous1 ectodomains, however, revealed that, although their N-terminal regions exhibit a linear configuration, the C-terminal regions are kinked with multiple hairpin-like bends. 
The cadherins Fat and Dachsous regulate cell polarity and proliferation via their heterophilic interactions at intercellular junctions. Their ectodomains are unusually large because of repetitive extracellular cadherin (EC) domains, which raises the question of how they fit in regular intercellular spaces. Cadherins typically exhibit a linear topology through the binding of Ca 2+ to the linker between the EC domains. Our electron-microscopic observations of mammalian Fat4 and Dachsous1 ectodomains, however, revealed that, although their N-terminal regions exhibit a linear configuration, the C-terminal regions are kinked with multiple hairpin-like bends. Notably, certain EC-EC linkers in Fat4 and Dachsous1 lost Ca 2+ -binding amino acids. When such non-Ca 2+ -binding linkers were substituted for a normal linker in E-cadherin, the mutant E-cadherins deformed more extensively than the wild-type molecule. To simulate cadherin structures with non-Ca 2+ -binding linkers, we used an elastic network model and confirmed that bent configurations can be generated by deformation of non-Ca 2+ -binding linkers. These findings suggest that Fat and Dachsous self-bend due to the loss of Ca 2+ -binding amino acids from specific EC-EC linkers, and can therefore adapt to confined spaces.
cadherin superfamily | Fat | Dachsous | cell junctions | electron microscope tomography C ell-cell adhesion is achieved through interactions between adhesion receptors, by either homophilic or heterophilic binding with partner molecules. Cadherins are a group of cell-cell adhesion receptors, and the so-called "classical" cadherins are important for general cell-cell adhesion (1) . The extracellular domain (ectodomain) of the classical cadherins is divided into five repetitive domains called extracellular cadherin (EC) domains, which are linked by a region containing a unique amino acid sequence called the Ca 2+ -binding motif (CBM) (2, 3) . Binding of Ca 2+ to this linker region confers a strand-like morphology on the cadherin molecules, which represents their active form, and this morphology breaks down when Ca 2+ is depleted (4) (5) (6) . The homophilic interactions via the N-terminal EC domains between classic cadherins result in the formation of adherens junctions (AJs), which span intercellular spaces that are ∼20 nm across (2, 3, 7) .
The EC domains are conserved in many other molecules grouped under the cadherin superfamily (8) . These include desmosomal cadherins, protocadherins, Flamingo/Celsr, Fat, and Dachsous. Curiously, the number of EC domains among these molecules is varied, ranging from 5 to 34. This variation might be related to the functional diversity of cadherin superfamily members. For example, cadherin-23 and protocadherin-15 have 27 and 11 EC domains, respectively, resulting in their large size. Their heterophilic complex organizes the "tip link" to connect a pair of stereocilia (9) . The linearly extended configuration of this complex matches the 150-to 200-nm dimensions of the tip links. The size of a cadherin molecule, however, does not always correlate with the size of the intercellular space that holds it. "Fat" is ranked as the largest cadherin molecule among the cadherin superfamily members, with 34 EC domains. It regulates planar cell polarity and cell proliferation via its heterophilic interaction with "Dachsous," another giant cadherin with 27 EC domains (10) (11) (12) . Despite their large sizes, the mammalian Fat4 and Dachsous1 have been detected in intercellular spaces that are structurally contiguous to AJs (13) . Likewise, mammalian Fat1 localizes at intercellular junctions with a 30-to 45-nm gap (only twice as wide as the AJs) to form glomerular slit diaphragms (14, 15) . We questioned which mechanisms allow these large molecules to fit in relatively narrow spaces. Our present studies show that, in contrast with many other cadherins, Fat4 and Dachsous1 cadherins bend at multiple sites of the molecule, so as to adapt to narrow intercellular spaces, and this bending is induced by a loss of Ca
2+
-binding amino acids in certain EC-EC linkers.
Results

Structures of Purified Fat4 and Dachsous1
Ectodomains. We expressed the entire ectodomain of mammalian Fat4 or Dachsous1 fused with a histidine (His) tag in HEK293 cells, and purified them ( Fig. 1 and Fig. S1 A and B) . For comparison, we also purified the E-cadherin ectodomain. Transmission electron microscopy (TEM) showed that the E-cadherin ectodomain exhibits a slightly bent, strand-like structure with five EC domains (Fig. 1B) , as observed previously (2) (3) (4) . Similar strand-like structures were also found for Fat4 and Dachsous1. However, the Fat4 and Dachsous1 ectodomains did not simply elongate; instead, portions of them
Significance
Biochemical interactions between cells are crucial for regulating cell behavior, and many of these processes are mediated by integral membrane proteins. Fat4 and Dachsous1 cadherins are such proteins, and their interactions at intercellular contacts generate signals that play pivotal roles in the formation of planar cell polarity and proliferation. However, their molecular sizes are extremely large, raising questions of how these molecules fit in narrow intercellular spaces. Our present study reveals a unique compaction mechanism for these molecules. The repetitive Ca 2+ -binding domains of cadherins are normally important for stabilizing their linear conformation. Strikingly, some of these domains are mutated in Fat4 and Dachsous1, and these changes lead them to bend, thereby enabling them to fit in confined spaces. appeared to kink (Fig. 1C, Fat4 -His, and Fig. 1D , Dachsous1-His). The Fat4 ectodomain has non-EC domains at the juxtamembrane region. To confirm the possibility that this region might be involved in such a tangled configuration, we prepared a Fat4 ectodomain lacking this region. This protein still kinked, however (Fig. S1C) .
Despite the overall nonstraight appearance of Fat4 and Dachsous1 ectodomains, one end of each molecule always linearly extended from the compacted portion. To determine which side of the protein is linear, we split each of the Fat4 and Dachsous1 ectodomains into N-and C-terminal fragments ( Fig.  1 C and D) . In obtaining the C-terminal fragments, we attached the EC1 and 2, plus the signal peptides, to the N terminus of its C-terminal fragment to ensure protein secretion. In TEM images of these truncated proteins, the N-terminal fragments exhibited a linear appearance in both Fat4 and Dachsous1. Individual EC domains were identifiable as bead-like units in most specimens. The C-terminal fragments, on the other hand, displayed a complex configuration. In the case of Fat4, they exhibited a structure comprising straight sections with hairpin-like bend points. The Dachsous1 C-terminal fragments displayed a similar but more tightly packed appearance, suggesting a sharper bending of the strand at a single or multiple point(s). These observations suggest that, in both Fat4 and Dachsous1, the N-terminal side extends linearly, whereas the C-terminal side contains hairpinlike bending points, causing its kinked appearance.
Modifications of the CBM in Fat4 and Dachsous1. Crystallographic analysis of Drosophila neural cadherin showed that its EC1-EC4 region (abbreviated as EC1-4 hereafter) adopts a V-shaped structure, due to loss of the conserved CBM from the EC2-3 linker (6) . Bioinformatics analysis performed in this study also predicted the presence of the linkers that are unable to bind Ca 2+ (nonCa 2+ -binding linkers) in the Fat and Dachsous proteins. Because such mutated linkers could be responsible for the bent configuration of Fat4 and Dachsous1, we reanalyzed their amino acid sequences using a different method: We compared them with the E-cadherin EC1-2 linker sequences that contain 10 Ca 2+ -binding amino acid residues to coordinate with three Ca 2+ ions (2, 3) (Fig.  S2 A-C) . We identified the 10 residues in Fat4 and Dachsous1 as those involved in Ca 2+ binding, of which D, E, and N are most highly conserved. At the level of individual CBMs, however, the sequences were modified particularly at the linkers between EC15-16 and EC24-25 of Fat4, and between EC7-8, EC9-10, EC12-13, and EC19-20 of Dachsous1 (Fig. S2 D and E) , consistent with previous findings (6) . Such loss of conservation was not observed in E-cadherin. For comparison, we also analyzed cadherin-23 and protocadherin-15, both of which exhibit a straight configuration (9) . All of their linker regions had a conserved CBM (Fig. S2 F and G).
Mutational Analysis of Deformed Cadherin Structures. To test whether the modified CBMs are responsible for the unique appearance of Fat4 and Dachsous1, we prepared two mutants of the E-cadherin ectodomain in which the CBM of E-cadherin EC2-3 was replaced with that of Fat4 EC15-16 or EC24-25 ( Fig.  2A and Fig. S3A ). In TEM images, the mutated E-cadherins appeared to bend more sharply than wild-type E-cadherin (Fig.  2B ). To confirm the shape changes, we observed their behavior in gel filtration, finding a clear peak shift of the mutant E-cadherins toward slowed elution (Fig. S3B ). For comparison, we also eluted the wild-type E-cadherin in Ca 2+ -free buffer and found that its elution was markedly slower. These results verify that Ca 2+ binding to the cadherin ectodomain is critical for its shape determination.
To quantitatively evaluate the shape changes in CBM-substituted E-cadherin, we constructed an elastic network model (16, 17) from the X-ray crystal structure of E-cadherin (see Materials and Methods for details), as done previously (18) . In the model, the interactions between two neighboring amino acid residues are represented by a "spring" (Fig. 2C) . At the Ca 2+ -bound EC-EC linkers, the existence of Ca 2+ is expected to induce additional interactions between residues, and these potential interactions were included in the model, as shown with red broken lines in Fig.  2C . In modeling CBM-substituted E-cadherin ectodomains, the Ca 2+ -binding-dependent springs were eliminated from the mutated EC-EC linkers. To generate cadherin atomic models with varying degrees of deformation, the elastic network model was deformed along the lowest-frequency normal modes. These atomic models were fitted over each TEM image of E-cadherins, and the one with the highest fitting score was chosen as the atomic model of best fit (Fig. 2B , Middle and Bottom, and Fig. S3 C-E). We then quantified the geometry of the EC-EC linkages in the atomic models ( Fig. 2 D and E) . The EC-EC linkers with a Fat4 EC15-16 or 24-25 CBMs were more diversely deformed than those found in wild-type E-cadherin. These findings are in accord with the hypothesis that CBM modifications control the EC-EC linkage morphology.
Building Molecular Models of Fat4 and Dachsous1 Ectodomain. Then, we investigated whether Fat4 and Dachsous1 have any defined structures. We performed classification and averaging analysis using TEM images of each molecule, as done for E-cadherin mutants. However, we failed to identify defined structures from the TEM images due to their heterogeneity (Fig. S4 A-D) . Therefore, we decided to construct their atomic models based on the dynamics of the elastic network model, as we could successfully predict the configuration of E-cadherin mutants (Fig.  2) . The atomic models were built by linking the X-ray crystal structures of the E-cadherin EC2 domain, because the X-ray crystal structures of Fat4 and Dachsous1 have not yet been resolved. To cover the variations in CBMs across the entire length of the molecule, we classified the CBMs into five types: Those with three or more amino acid substitutions in the consensus sequences or with other amino acid substitutions that could suppress Ca 2+ binding were defined as type 5, and other CBMs were defined as types 1-4, based on their amino acid variations at the EC-EC linkages of multiple classical cadherins (Table S1 ). All of the CBMs of Fat4 and Dachsous1 were thus classified ( Fig. 3A and Tables S2 and S3 ). In the atomic models, the EC-EC linkages with CBM type 1, 3, or 4 were restrained to a single fixed geometry, and those with CBM type 2 were given several geometries, as shown in Table S4 . The linkages with CBM type 5 were allowed to take a wide range of geometries (see Materials and Methods for details). These atomic models were fitted over each of 25 TEM images of a Fat4 or Dachsous1 ectodomain without defining the C and N terminus, and the models of best fit were chosen for each image (Fig. 3 B and C) . The best fit was found when the N terminus was assigned to the end of the linear portion of the molecule, whereas when the N to C terminus polarity was reversed, fitting efficiency decreased (Fig. S1 D and E) . This result is consistent with the experimental finding that the linear portion of the molecules corresponds to the N-terminal region. Analysis of the geometry of EC-EC linkages in the atomic models indicated that the CBM-modified EC-EC linkers in Fat4 and Dachsous1 always display certain levels of deformation (Fig. S4 E-J). They were more diversely disordered than the native EC1-2 of E-cadherin, and Fat EC15-16 and EC24-25 in these models were more deformable than those introduced into E-cadherin (compare Fig. 2E and Fig. S4E ), probably due to differences in the neighboring structures between the models. The CBM modifications clearly affected the tilt angles; the angles were particularly high at EC24-25 of Fat4 and EC19-20 of Dachsous1. However, the tilting occurred only within limited degrees. Especially, the tilt angles at these two sites were less variable compared with those in other modified EC-EC linkers (Fig. S4 H and I, Tilt) . In addition, the CBM modifications did not significantly alter the twist and skew angles at any modified linkers. These analyses confirmed that CBM-modified EC-EC linkers do deform, but they also suggested that their shapes would fluctuate in a nonrandom fashion. Thus, we conclude that the overall shapes of Fat4 and Dachsous1 may vary but within a restricted range. From the best-fit models thus analyzed, we reconstituted a representative structure of Fat4 and Dachsous1 (Fig. 3 D and E) .
Heterophilic Interactions Between Fat4 and Dachsous1 via Their
N-Terminal EC Domains. To determine whether the interaction between Fat4 and Dachsous1 occurs via their extended N-terminal regions, we used surface plasmon resonance (SPR) analysis. As a technical control, we first measured the homophilic interactions between E-cadherin ectodomains, confirming their Ca 2+ dependence (Fig. 4A) . We also confirmed that full-length Fat4 ectodomains interacted with full-length Dachsous1 ectodomains in a Ca 2+ -dependent manner and that their heterophilic binding effectively exceeded the homophilic binding between Dachsous molecules (Fig. 4B) . Next, we prepared N-terminal fragments of Fat4 and Dachsous1, Fat4 EC1-4, Fat4 EC1-16, Dachsous1 EC1-4, and Dachsous1 EC1-8 ( Fig. S1 A and B) . To evaluate the binding properties of these fragments, we measured the dissociation processes, because the association processes are difficult to analyze due to the self-association of the molecules as well as the presence of multiple bound states of cadherins (19, 20) . The dissociation process of E-cadherin matched well with the multiple exponential fits as previously observed (20) , and this was also the case for Dachsous1 and Fat4 (Fig. 4C and Fig. S5 A-C) . The interactions between full-length Dachsous1 ectodomains and Fat4 EC1-4, and between full-length Fat4 ectodomains and Dachsous1 EC1-4, exhibited similar dissociation profiles and lifetimes to those between the full-length Fat4 and Dachsous1 ectodomains ( Fig. 4D and Table S5 ). Longer fragments, Fat4 EC1-16 and Dachsous1 EC1-8, also showed similar dissociation profiles ( Fig. 4E and Table S5 ). These observations suggest that the four N-terminal EC domains are sufficient for the heterophilic binding of Fat4 and Dachsous1.
Electron Tomographic Analysis of Cell-Cell Contacts Formed by Fat4
and Dachsous1. To visualize Fat4 and Dachsous1 in vivo, we prepared MDCK cells transfected with Fat4 or Dachsous1 fulllength cDNAs, and cocultured them. As reported previously (13), the two molecules accumulated most intensely at the heterotypic boundaries between the transfectants (Fig. 5A) . Then, we treated the mixed cultures with antibodies specific to the Dachsous1 ectodomain and visualized them with secondary antibodies conjugated with colloidal gold. TEM examination of heterotypic cell boundaries detected gold particles from cell-cell contact structures formed directly above the tight junction (Fig.  5B) . These Dachsous1-positive contacts, which we named "subapical membrane apposition" (SMA), measured 47.5 nm across on average, a little wider than a desmosome with a 21-to 22-nm intercellular gap (Fig. 5G) . Tomographic images of these TEM sections detected strand-like structures at the intercellular spaces, which were likely Fat4-Dachsous1 complexes that did not react with the antibodies (cyan in Fig. 5 C and D) . Intriguingly, atomic models of Fat4 and Dachsous1, which were arbitrarily arranged to form a heterophilic pair via their N-terminal regions, could fit in a 40-to 50-nm intercellular space (Fig.  5E ). Untransfected MDCK cells did not show any junctional structures at the corresponding regions. In addition, we observed neuroepithelial SMA in the mouse embryonic brain cortex, in which Fat4 and Dachsous1 localize (13) , as well as the AJs located below the SMA. Tomographic analysis showed that the SMA, which again contained strand-like materials, measured 46.6 nm across on average (Fig. 5 F and H) .
Discussion
All of our findings support the idea that Fat4 and Dachsous1 can fit into a given intercellular space due to their bending at EC-EC linkers that are unable to bind Ca 2+ . Atomic models built from the EM images gave theoretical evidence that the non-Ca 2+ -binding linkers are deformable, enabling these molecules to bend. The intermembrane distances in the Fat4/Dachsous1-bearing junctions are probably autonomously determined based -binding linkers are well conserved between the interspecies orthologs of Fat4, and this is also the case for Dachsous1 (6) . This implies that the molecular shape revealed here has some relevance to the evolutionarily preserved functions of Fat and Dachsous cadherins. In addition to Fat and Dachsous, even the molecules categorized as classical cadherins, which are responsible for AJ formation, generally exhibit large sizes in invertebrate species (22) . Our results provide a clue to the structural and evolutionary significance of such unusually sized cadherin superfamily members in cell-cell interactions.
Materials and Methods
Expression and Purification of His-Tagged Proteins. HEK293 cells stably expressing ectodomains were cultured, and the culture medium containing secreted ectodomains was collected and subjected to gel chromatography with anti-6× Histidine tag monoclonal antibody, 2D8 (MBL). His-tagged proteins were eluted with excess 6× Histidine peptides (Wako) and subjected to gel filtration for exchanging the buffer to HBSS using TSKgel G4000SW columns (TOSOH). Purified proteins were separated on 2-15% (wt/vol) gradient SDS/PAGE gels (Cosmo Bio) and analyzed by CBB staining and Western blotting with anti-6× Histidine tag monoclonal antibody, 9F2 (Wako).
Animals. Animal experiments were approved by the Institutional Animal Care and Use Committee of RIKEN Center for Developmental Biology, and mice were maintained and handled in accordance with the protocols approved by this committee.
Construction of Classical Cadherin Structural Model and Its Fitting to TEM
Images. The elastic network model was built from the X-ray crystal structure of E-cadherin [Protein Data Bank (PDB) ID code 3Q2V] (3). To incorporate the influence of calcium ion, the amino acid residues near the calcium ion (within 4 Å) were interconnected to each other by springs (Fig. 2C ). In the modified CBMs that have lost the Ca 2+ -binding ability, on the other hand, the same residues were connected only to close residues, in terms of residue numbers, to represent the interactions in the backbone structure.
In the previous study (23) , the deformed atomic models have been built by the following: rðn 1 ,n 2 ,n 3 ; :::
where n k is the integer, and r k nk (n k = 0, ± 1, ± 2,:::) is a series of deformed atomic models built along the k th lowest-frequency normal mode of the X-ray crystal structure r 0 by the iterative calculations. The advantage of this method is that a deformed atomic model is obtained easily by giving a set of integers ðn 1 , n 2 , n 3 ; :::Þ. However, the local structure of the model was sometimes destroyed partly due to the summation in the atomic (xyz) coordinate system. To avoid this, the atomic models r k nk (and r 0 ) were described temporarily by the internal coordinates φ k nk (and φ 0 ), such as bond lengths, bond angles, and dihedral angles. Then, the summation was performed in the internal coordinate system [φ = φ 0 + P
Finally, the internal coordinates were translated into the atomic coordinates (φ → r). In this study, the rmsd of r k n + 1 from r k n was 0.1 Å. We assumed that the TEM image was on the xy plane, and the electron beam was projected along the z axis. Similarly, the deformed atomic models were projected onto the xy plane along the z axis. Considering that the TEM images of E-cadherin were obtained by class averaging, it would be reasonable to assume that the molecules were in stable orientations, in another word, they would lie on the xy plane. To find such orientations, we considered a function defined by the following:
where m i and z i are the mass and the z coordinate of the i th atom of the atomic model, respectively, and z min the minimum value of z i . The orientations at the global minimum or local minima, whose function values were not so high compared with the global minimum, were used to make projections. Each projection was then translated and rotated in the xy plane to reach the maximum value of the fitting score, which was defined as follows:
where Iðk i ; l i Þ was the intensity of the TEM image at position ðk i ; l i Þ. k i and l i were the integers that satisfied x i =p ≤ k i < x i =p + 1 and y i =p ≤ l i < y i =p + 1, respectively, where x i and y i were the x and y coordinates of the i th atom of the atomic model, and p was the pixel size of the image. This process was In the latter, the intermembrane distances were measured at the sites where strand-like structures were detectable, and also at neighboring regions. The desmosomes and adherens junctions were also analyzed. AJ, adherens junctions; Dachs, Dachsous1; desmo, desmosome; Fat, Fat4; TJ, tight junction. Cell membranes are colored magenta in tomographic images.
repeated for many deformed atomic models, and the best-deformed atomic model in terms of the fitting score was selected.
Construction of Atomic Models for Fat4 and Dachsous1. We constructed atomic models of Fat4 and Dachsous1 by linking the X-ray crystal structures of an EC domain of classical cadherins in tandem. We assumed that the geometry of an EC-EC linkage was determined by the CBM type: thus, the linkage geometries in Fat4 or Dachsous1 were deduced from those in the classical cadherins. The CBM types in Fat4 and Dachsous1 were defined according to the classification in Tables S1-S3 (Fig. 3A) : The CBMs with three or more amino acid substitutions in the consensus sequences or with other amino acid substitutions that could suppress Ca 2+ binding were defined as type 5, and the other CBMs were defined as types 1-4, based on the amino acid variations at the position corresponding to N12 of E-cadherin. The linkage geometries were determined from the best-fitting atomic models of E-cadherin obtained in this study (CBM types 1-3) and the previously resolved crystal structures of classical cadherins (CBM type 4) ( Table S4 ). Because the conformational variations of CBM types 1, 3, and 4 in E-cadherin were small, we assumed that the linkages had a fixed conformation. On the other hand, we assumed that CBM type 2 could have several different conformations because of the relatively large variations. Concerning the CBM type 5, we assumed that the linkages could have diverse (∼500) conformations, which were determined as follows; we built an elastic network model from EC2 and 3 of the X-ray crystal structure of E-cadherin, in which the CBM was modeled to have lost the Ca 2+ -binding ability, and deformed it iteratively (23, 24) along a variety of directions defined by the combination of the three lowest-frequency normal modes, of which two modes were bending modes and one, a twisting mode. The resultant (>2 million) conformations were then classified with respect to the bending angle (tilt), bending direction (skew), and twisting angle (twist) between the two EC domains, and a representative conformation was selected for each class. Because of the presence of deformable EC-EC linkages (CBM types 2 and 5) in Fat4 and Dachsous1, the atomic models could have a huge number of different conformations. They were projected onto the xy plane (TEM image plane) along the z axis. More than 100 different orientations, which were chosen so that the projections covered the angular space almost evenly, were used for each atomic model. Similar to the case of E-cadherin, we assumed that the molecule would lie on the xy plane. Thus, only the projections in the orientations where all atoms are within a small range (∼100 Å) along the z axis were used for the fitting calculations. Different from the case of E-cadherin, the positional information on the terminal points of the molecule, which were identified by visual inspections of the TEM image, was used to help fitting to the low-quality image. The projections were fitted into each TEM image without defining the C and N terminus, and the one with the highest fitting score was selected as the model of best fit. To build representative atomic models (Fig. 3 D and E) , 25 structures of the best-fit models were then analyzed, and the representative conformation of each EC-EC linkage was identified. For CBM type 2, we selected the most frequently occurring one as the representative, and for CBM type 5, the one most similar to the average was selected. Because the conformational variations of the latter were generally large, only the conformations in the most densely distributed conformational space were averaged.
